The long-term dental safety profile of high-dose radioiodine therapy remained elusive despite more than 6 decades of clinical use. Methods: In a cohort study, we investigated the incidence of sialadenitis, xerostomia, caries, and tooth extractions after high-dose radioiodine therapy for differentiated thyroid cancer and explored risk factors by multiple regression models. Results: One hundred seventy-six participants were recruited (median follow-up, 6.6 y; range, 1.1-32.6 y; patient-years: 8,472 before and 1,421 after radioiodine therapy). Scintigraphic salivary gland uptake during radioiodine treatment predicted development of sialadenitis (odds ratio: 1.31 [1.05-1.63], P 5 0.015) and xerostomia (odds ratio: 1.58 [1.16-2.16], P 5 0.004). The caries risk increased by postradioiodine xerostomia (% increase: 98.8 [26.5-212], P 5 0.003). The long-term risk for postradioiodine tooth extractions increased with increasing cumulative radioiodine activities (% increase [per gigabequerel]: 8.14 [1.07, 15.7], P 5 0.02). Conclusion: High-dose radioiodine treatment can impair the long-term dental health, depending on the cumulative radioiodine activity and individual salivary gland radioiodine uptake.
Radi oiodine is routinely used in the treatment of differentiated thyroid cancer (1, 2) . It is accumulated in thyroid tissue by sodium iodide symporters and exerts cytotoxic effects by b-irradiation. Similar sodium iodide symporters in salivary glands (3) lead to radioiodine uptake comparable to thyroid tissue (4) . Salivary glands are highly radiosensitive (5) and, accordingly, sialadenitis and xerostomia are the most frequent adverse events of high-dose radioiodine therapy (6) . The incidence of sialadenitis after high-dose radioiodine therapy is about 30% (7) (8) (9) , and consequent reduced salivary gland function (10) and altered saliva composition (11) develop in all patients. Clinically relevant xerostomia with dry mouth, taste loss, and swallowing difficulties arises in 11%-44% (7) (8) (9) .
Saliva has vital functions in maintaining oral health. Therefore, xerostomia not only impairs quality of life permanently but may also increase the risk of caries and tooth extractions (12, 13) . Nevertheless, despite more than 6 decades of radioiodine therapy for thyroid cancer, studies on long-term oral adverse events are lacking (14) .
In the present study, we investigated the influence of high-dose radioiodine therapy on the long-term oral health.
MATERIALS AND METHODS
The study was designed and performed compliant with Good Clinical Practice, Swiss drug laws, and the Declaration of Helsinki. It was approved by the local ethics committee and registered (ClinicalTrials.gov Identifier: NCT00439478). Written informed consent was obtained; all endpoints were predefined.
Patients
Between January 2005 and January 2006, patients were recruited from our thyroid cancer registry, instituted in 1972. Inclusion criteria were histologically confirmed differentiated thyroid cancer, status after total thyroidectomy and radioiodine treatment, follow-up by a board-certified dentist, $1 y follow-up after radioiodine therapy.
Treatment
Before radioiodine therapy, all participants had received a standardized baseline clinical assessment. Exclusion criteria for radioiodine therapy were anaplastic thyroid cancer, incontinence, pregnancy, breast feeding, and severe concomitant illness. Six to 8 and 14-16 wk after thyroidectomy, 2 cycles of 131 I therapy were performed. Further cycles were scheduled in case of tumor persistence or recurrence. 131 I was administered orally and patients were hospitalized for 3 d.
Imaging
Scans were obtained 5 d after 131 I application with a g-camera (parallel-hole, medium-energy, general-purpose collimator; windows center, 284-keV peak; window width, 20%). The 131 I uptake in the parotid and submandibular glands was visually scored by 2 board-certified nuclear medicine physicians, who were unaware of clinical data, using a 2-point scale: 0 5 no uptake; 1 5 visible uptake (Fig. 1) . A 131 I uptake score was calculated by summing the uptake grades of all 4 examined salivary glands.
Follow-up
All participants were treated with thyroid hormone to suppress thyroid-stimulating hormone secretion and systematically underwent a yearly follow-up after radioiodine therapy. The standardized follow-up procedure included the participant's history, physical examination, measurement of serum thyroglobulin levels, and imaging procedures.
Participants were also systematically assessed with regard to general dental care (frequency of oral hygiene, use of dental floss, fluorine, fluoride rails, fluoride gel, toothpicks, mouth rinsing, frequency of consultations at the dentist, and professional dental care), dental status before or after radioiodine therapy (dental pain, incidence of caries and calculus, tooth extractions), gingival status before or after radioiodine therapy (gingival inflammation, gingival bleeding), and salivary glands status (symptoms of sialadenitis, xerostomia, need for saliva replacement, alteration of taste and diet). The participants' dentists remained unaware of the cumulative administered radioiodine activity and were asked for data on dental status before or after radioiodine therapy (incidence of caries and calculus, tooth extractions), gingival status before or after radioiodine therapy (gingival inflammation, gingival bleeding), and salivary glands status (xerostomia, indications for saliva replacement).
Endpoints
Endpoints were sialadenitis and xerostomia as reported by patients and caries and tooth extraction as reported by the patients' dentist, graded according to the Common Terminology Criteria for Adverse Events (CTCAE, http://ctep.cancer.gov/forms/CTCAEv3. pdf) of the National Cancer Institute.
Statistical Analysis
The endpoint xerostomia was analyzed using logistic regression. Sialadenitis was assumed to follow a binomial distribution with up to 4 possible events and covariate-dependent individual event probability P; accordingly, binomial regression with adjustment for overdispersion was used to analyze the influence of different predictor variables on sialadenitis. The numbers of caries sites and tooth extractions after radioiodine therapy were analyzed using Poisson regression. These 2 outcomes require time to develop, and their expected values depend on the length of the follow-up period, which was considered by treating its natural logarithm as an offset variable in the Poisson regression models. Correction for overdispersion was based on Pearson residuals. For quantitative covariates, we assessed whether linear terms alone sufficiently described their association with the outcome variable or whether the model was improved by introducing their square or third power. In this case, the covariate was categorized. Sensitivity analyses for all endpoints were performed according to available versus nonavailable intratherapeutic 131 I scans and available versus nonavailable data on caries before radioiodine therapy. Discrete variables are summarized by counts (percentages) and continuous variables are summarized by their median (range). A P value of , 0.05 was considered to be significant. Data were analyzed using SAS 9.1 (SAS Institute Inc.) and Statistica V.6.0 (StatSoft, Inc.).
RESULTS

Patients
At January 1, 2005, our register comprised 202 patients, treated 1972-2004. One patient had no dentist; 201 patients were eligible (Fig. 2) . One-hundred seventy-six patients (87.6%) were recruited (Table 1) . Twenty-five patients refused participation; their baseline criteria did not significantly differ from those of the recruited patients (data not shown). Eighty dentists cooperated and contributed data on 121 of 176 (68.8%) participants.
Treatment
The 176 participants had undergone a median number of 2 (range, 1-6) cycles with a median cumulative radioiodine activity of 7.4 GBq (range, 1.9-35.0 GBq). The median age at first radioiodine treatment was 48.4 y (range, 17.6-86.3 y; 8,472 patient-years before treatment). The median follow-up period was 6.6 y (range, 1.1-32.6 y; 1,421 patient-years after treatment).
Imaging
Intratherapeutic 131 I scans were available for 151 participants (85.8%). Twenty-five cases (16.6%) showed visible salivary gland uptake; 1 case had a score of 1, 7 cases had a score of 2, and 17 cases had a score of 4. No elevated radioiodine uptake in the salivary glands was found in 126 cases.
Oral Status
No participant had endured sialadenitis before radioiodine. After radioiodine, 43 patients (24.4%) showed sialadenitis, in 1 (25 cases), 2 (16 cases), or 3 glands (2 cases). Sialadenitis grade I occurred in 11 patients (6.3%) and sialadenitis grade II occurred in 32 patients (18.2%). Sialadenitis in .3 glands or grade III or grade IV sialadenitis did not occur. One-hundred twenty-two (69.3%) participants did not experience sialadenitis; 11 participants Dental floss, tooth picks, mouth rinsing. k Fluoride rail, fluoride gel, fluoridated tooth paste. ¶ After written and oral invitation, the respective dentists were not willing or able to provide data.
(6.3%) gave no information. Visible salivary gland uptake was an independent predictor for postradioiodine sialadenitis (odds ratio [per gland with visible radioiodine uptake]: 1.31; range, 1.05-1.63; P 5 0.015; Table 2 ).
Two participants (1.1%) endured xerostomia before radioiodine treatment (during 8,472 patient-years) and 78 of 176 participants (44.3%) endured xerostomia after radioiodine treatment (during 1,421 patient-years). Grade I xerostomia was found in 46 cases, and grade II was found in 32 cases. Grade III and grade IV xerostomia did not occur. Eightyseven participants (66.9%) did not experience xerostomia after radioiodine, 11 participants (6.3%) gave no information. Visible salivary gland uptake (odds ratio [per affected gland]: 1.58 [1.16-2.16], P 5 0.004), the cumulative radioiodine activity (odds ratio [per gigabequerel]: 1.15 (1.04-1.29), P 5 0.010), and sialadenitis after radioiodine (odds ratio: 2.88 (1.64-5.07), P 5 0.001; Table 2 ) were independent risk factors for xerostomia after radioiodine.
Through 5,652 patient-years before radioiodine treatment, caries was reported for 69 of 121 participants (57.0%). In 949 patient-years after radioiodine treatment, new caries had developed in 59 participants (48.8%). Caries before radioiodine treatment (% increase: 32.2 [12.0-56.1], P 5 0.001) and after radioiodine xerostomia (% increase: 98.8 [26.5-212], P 5 0.003; Table 2 ) were independent risk factors for caries after radioiodine.
Throughout 5,652 patient-years before radioiodine treatment, 54 tooth extractions had been performed in 21 of 122 patients (17.2%)-in 12 cases for dental disease, in 8 cases for periodontal disease, and in 1 case for both indications. For the period of 949 patient-years of follow-up after radioiodine treatment, 61 tooth extractions were performed in 27 patients (22.3%)-in 18 cases for dental disease, in 8 cases for periodontal disease, and in 1 case for both indications. Participants with tooth extractions before radioiodine treatment were at risk to undergo further extractions [1.07, 15.7] , P 5 0.02; Table 2 ) for undergoing a tooth extraction after radioiodine treatment. Cumulative radioiodine activities exceeding the standard activity of 7.4 GBq induced a significantly increased risk for undergoing tooth extractions (Cox regression: P , 0.001; Fig. 3) .
Sensitivity analyses for all endpoints revealed no significant changes in the results of the regression models after exclusion of patients with nonavailable radioiodine scans or missing data on caries before radioiodine treatment.
DISCUSSION
Our data indicate detrimental effects of high-dose radioiodine treatment on the long-term dental health, divided into acute and long-term effects.
Acute adverse events of salivary gland irradiation in high-dose radioiodine treatment comprise sialadenitis (7, 8) , palsy of the facial nerve, which passes through the parotid (15), taste loss (7), and oral candidiasis (16) . Reducing the salivary gland dose will be crucial to reduce the rates of these events. The value of increasing salivation by sour juice and lemon candy remains elusive (8, 10) , whereas amifostine reduces salivary gland impairment in high-dose radioiodine treatment (10) . Our results on the long-term consequences highlight the need to reduce initial salivary gland impairment. Furthermore, several risk factors emerged in this study-especially the scintigraphic salivary gland uptake might help in identifying patients at need for intensified follow-up.
Long-term effects of salivary gland irradiation in highdose radioiodine treatment comprise chronic sialadenitis (14) , permanent taste loss (14) , xerostomia (7) (8) (9) , and increased salivary gland malignancies (17) . Xerostomia after external irradiation increases the caries rate (12, 13) and, thus, saliva substitutes, sialogogues (18) , water, sugarless sweets, or gum are used for secondary prevention (13) . Our data indicate detrimental effects on dental health also by postradioiodine xerostomia and we observed increasing tooth extraction rates with increasing cumulative radioiodine activities. This emphasises the need for secondary prevention after high-dose radioiodine treatment, especially in patients with high cumulative radioiodine activities and postradioiodine xerostomia. Secondary preventive measures include caution with anticholinergic drugs, avoidance of dehydration, and preserving salivary gland flow with glandular massage (14) .
Radioiodine has an established benefit in large thyroid malignancies, whereas its value in small papillary thyroid cancers remains elusive (19) . However, an adequately powered pooled risk analysis has recently indicated an increased incidence of secondary malignancies after highdose radioiodine therapy in organs concentrating radioiodine, such as salivary glands, bladder, colon, and kidneys (17) . Additionally, our data suggest detrimental effects on the long-term dental health. The growing data on benefit and adverse events might help to restrict radioiodine to patients in whom it is beneficial.
Our study has strengths and limitations. First, our analyses were sufficiently powered to obtain significant results; nevertheless, they need independent confirmation. Second, 25 patients refused to participate. However, their baseline criteria, including predictive factors such as the iodine score, did not significantly vary from the participants' baseline criteria, not indicating a specific bias. Third, we did not quantify salivary gland function by 99m Tc-pertechnetate scintigraphy. However, subclinical xerostomia diagnosed by 99m Tc-pertechnetate scintigraphy is found in all patients after high-dose radioiodine therapy and therefore is not predictive for clinically relevant xerostomia (10) . Fourth, increasing cumulative radioiodine activities, but not sialadenitis or xerostomia, were predictors for postradioiodine tooth extractions. This might be due to the fact that continuous variables, in contrast to dichotomous or categoric variables, facilitate the detection of significant predictors. Finally, we were not able to define preventive measures to avoid long-term dental impairment after high-dose radioiodine treatment. The detection of adequate preventive measures remains preserved for further trials.
CONCLUSION
High-dose radioiodine treatment can impair the long-term dental health, depending on the intensity of treatment and individual radioiodine uptake within the salivary glands. Patients should be made aware of salivary gland damage before high-dose radioiodine treatment. Lifelong secondary prevention and intensified follow-up should be considered, especially in patients who have received high cumulative radioiodine activities or who have developed postradioiodine xerostomia. Further efforts should address reducing the initial salivary gland dose and exploring preventive measures to reduce long-term dental impairment.
